We present Tight-Binding Studio (TBStudio) software package for calculating tight-binding Hamiltonian from a set of Bloch energy bands obtained from first principle theories such as density functional theory, Hartree-Fock calculations or Semi-empirical band structure theory. This will be helpful for scientists who are interested in studying electronic properties of structures using Green's function theory in tight-binding approximation. TBStudio is a cross-platform application written in C++ with a graphical user interface design that is user-friendly and easy to work with. This software is powered by Linear Algebra Package C interface library for solving the eigenvalue problems and the standard high performance OpenGL graphic library for real time plotting. TBStudio and its examples together with the tutorials are available for download from tight-binding.com
I. INTRODUCTION
Many researchers are interested in the study of nanostructures and solid state materials in general, but there are many computational and mathematical challenges which hinder rapid progress. Therefore, new computational packages are urgently needed in order to accelerate scientific progress. Here, we are interested in electronic structure properties.
First-principles electronic structure calculations [1] are based on the laws of quantum mechanics and only use the fundamental constants of physics as input to provide detailed insight into the origin of mechanical, electronic, optical and magnetic properties of materials and molecules. Both structural and spectroscopic information is directly obtainable from high-performance computations and yields information which is complementary to that obtained from experimental such as transmission electron microscopy data.
Density functional theory (DFT) is one of the most important methods used in electronic structure calculations and computational physics has provided already a diverse number of software packages such as OpenMX [2] , VASP [3] [4] [5] , QUANTUM ESPRESSO [6] and ABINIT [7] that are based on different algorithms. The accuracy of different methods depends on the used approximations, e.g. the particular form for the exchange-correlation (XC) energy.
First-principles calculations is commonly applied to calculate the properties of an infinite periodic arrangement of one or more atoms (the basis) repeated at each lattice point that describes a highly ordered structure, occurring due to the intrinsic nature of its constituents to form symmetric patterns. The periodicity can make problems easier, but sometimes it can be a drawback when one is interested in the electronic properties of finite size systems. Linear combination of atomic orbitals (LCAO) [8, 9] is a good candidate to overcome this prob-lem.
The most important justification to setup LCAO is that the combination of this method with Green's function theory can be also used for non-periodic systems and furthermore, in the case of systems with a huge number of atoms there are a variety of cost and time efficiency motivations which can lead one to use the LCAO method.
Tight-Binding (TB) approaches are based on the LCAO method that is primarily used to calculate the band structure and single-particle Bloch states of a material as e.g. done by Slater and Koster (SK) [10] . The tight-binding method is simple and computationally very fast. Therefore, it is often used in calculations of very large systems, with more than a few thousand atoms in the unit cell. There are a number of earlier reviews [11, 12] that people working in this field should be aware of. TB Hamiltonian gives the electronic structure of a system using a real-space picture of the system. The real Hamiltonians provide insight into the nature of the transport mechanisms.
To find a TB Hamiltonian one needs to evaluate the band-structure of a typical structure based on first principles calculations and construct a tight-binding model via the Slater and Koster method to reproduce the band energies obtained from DFT.
The purpose of this paper is to introduce Tight-Binding Studio (TBStudio), a new technical software package for generating TB Hamiltonians based on Slater-Koster method from data obtained from first principles calculations that has been made available at tightbinding.com. Cross-platform graphical user interface of TBStudio is written in C++ using native controls and emulates foreign functionality via wxWidgets [13] tools library for GTK, MS Windows, and MacOS. Also, BLAS [14] and LAPACK [15] routines are used for matrix multiplications, solving systems of simultaneous linear equations and eigenvalue problems. The standard high performance OpenGL graphic library [16] has been used for real time plotting. The main structure of TBStudio and arXiv:1910.02917v1 [cond-mat.mes-hall] 7 Oct 2019 several important topics, including the post processing tools are explained in the rest of this paper.
II. LINEAR COMBINATION OF ATOMIC ORBITALS
Consider two atoms which have atomic orbitals described by wave function Ψ A and Ψ B . If the atoms are at the equilibrium distance, their electron clouds overlap with each other and the wave function of molecular orbital can be obtained from a linear combination of atomic orbitals as follows
where Ψ AB is the normalized wave function of molecular orbitals of the molecule AB. With this in mind we are able to expand the Bloch functions as linear combinations of the orbitals ϕ as follows
where i runs over all unit cell atoms and ν i runs over the orbitals defined for i th atom and
in which R n,m,l is the discrete translation vector of the unit cell at (n, m, l) of the Bravais lattice. The electron hopping between different orbitals is an essential ingredient in TB approach. In a simple non-interacting picture, the overlap of the outermost electrons leads to the hybridization of the electronic orbitals and leads to the de-localization of Bloch states. To calculate the energy bands we should solve the generalized eigenvalue problem
whereĤ andŜ are the TB Hamiltonian and the overlap operators that can be written aŝ
where in general the basis can be non-orthogonal and then the overlap matrix can be a non-identity matrix. The elements of the Hamiltonian and the overlap matrices can be found by definition of the molecular twocenter integrals in terms of the quantities called Slater and Koster integrals.
III. CALCULATION OF SLATER-KOSTER INTEGRAL TABLE
The most important issue that is the background of the idea of Slater and Koster approach is the rotation operator defined as follows
and the SK parameters
in which ϕ m l (x) stands for a specific atomic orbital defined by angular quantum numbers l and m. Note, the orbitals in Eq. (7) are the real spherical harmonics. Without any change in the basic framework one can rotate the basis vectors as follows
whereD =D(l, m, n) operator is a function of directional cosines defined by the angles of the bond vector between the atoms and the Cartesian basis vectorsx,ŷ andẑ. The rotation operator for different orbitals can be calculated from the Clebsch-Gordan coefficients. The bar symbol means symmetrized coefficients which are essential to rotate a real spherical harmonic. The complex spherical harmonics will be converted to real spherical harmonics by applying the following operators (R l ) for the different orbitals
The integrals of the rotated vectors in the right hand side of Eq. (8) are called SK parameters as ssσ, spσ, ppσ, ppπ, sdσ, pdσ, pdπ, ddσ, ddπ and ddδ [10, 17] where the first and the second letters are the orbital label as s, p and d and the third letter stands for the type of covalent binding which are formed by the overlap of atomic orbitals. σ, π and δ bonds are related to the relative directions of two typical orbitals.
IV. ATOMIC SPIN-ORBIT COUPLING
Structures including heavy atoms show a considerable spin-orbit effect in their electronic properties [18] . Experimentally, this phenomenon is detectable as a splitting of spectral lines. The addition of spin-orbit coupling (SOC) to study such materials is known as fine structure. There are many structures [19] [20] [21] [22] [23] in which taking SOC into accounts becomes very important in atomistic modeling. This effect is a phenomenon that comes from a relativistic interaction of a particle's spin with its motion inside a potential V and so the energy level split produced by the SOC is usually of the same order in size to the relativistic corrections to the kinetic energy. SOC fine structure can be added as a term to the Hamiltonian. The atomic spin-orbit interaction may be included in the TB model asĤ
where P and S are momentum and spin, respectively. Spin-orbit interactions can be accurately approximated by a local atomic contribution of the form
in whichP i,ν is the projection operator for angular momentum ν on site i and λ ν denotes the SOC constant for the angular momentum ν, and S i is the spin operator on site i. The additional term in the Hamiltonian can be found by calculating the L ⊗ S operator. The angular and spin operators can be written as follows
where
in which L +,− denote the ladder operators for the orbitals. Similarly, we obtain S x and S y in terms of the S +,− ladder spin operators. Note that we need the operator to be compatible with the real spherical harmonics. The real SOC operator can be evaluated as follows
whereR
One should find the final results for the different s, p and d orbitals as listed in Table I . 
Please note that when we use the operators (9), the order of the matrix elements are not the same as complex spherical harmonics and depends on the definition of the transformation matrix (R l ). In this work, the order of the real spherical harmonics are presented in Table I .
V. ITERATIVE MINIMIZATION
TBStudio algorithm is based on the LevenbergMarquardt least-squares curve fitting approach in which we have a set of data obtained from first-principles calculation and an analytical expression representing the TB model for which we have to find the best independent parameters. Generally, the sum of the squares of the deviations may be written as follows
where ε and ε are, respectively, the TB results and DFT band energies and β is a parameter vector that is a set of independent variables i.e. SK parameters and overlap integrals and SOC. Non-linear least square minimization problems arise especially in curve fitting where here the curves are energy bands which are highly coupled to each other. To start the minimization, the user has to provide an initial guess for β and using the guessed β and the mentioned SK parameters one can find the TB band energies and also the Jacobian matrix
In each iteration, we replace β by a new parameter vector β + δ in which δ is a correction vector that can be estimated by first order Taylor series expansion of TB band energies as follows
At optimum values for the independent variables, the sum of square deviations has reached its minimum with respect to the independent vector and we have
which however may also result in local minima. Depending on the problem and the system and the number of degrees of freedom, there might be many local minima which occur when the objective function value is greater than its value at the so-called global minimum. When multiple minima exist the important consequence is that the objective function definitely has a maximum value somewhere between two minima which makes it difficult to obtain a good fitting. Refinement from a bad SK parameter point (a set of independent parameter values β 0 ) close to a physically unknown local minimum will be illconditioned and should be avoided as a starting point. Because generally we do not have an analytical expression for the TB band structure, we can not analyze the location of local minima in detail. Band structure curves have complex forms for which it is either very difficult or even impossible to derive analytical expressions for the elements of the Jacobian. In such cases, we need to find the elements by using numerical approximations as follows 
VI. EXPLICIT FORM FOR THE TIGHT-BINDING HAMILTONIAN
Since H and S are Hermitian, thereforê and thus, in this two dimensional example, we have only five independent matrices. As shown in Fig. 1 we must determine only the matrices h and s for the cells at (0, 0), (1, 0), (0, 1), (1, 1) and (−1, 1). Using the SK coefficients we can calculate the Hamiltonian and the overlap matrix and extract the matrices h and s. TBStudio generates the Hamiltonian and overlap matrix for any independent unit cell. Also the code generator tool builds Eqs. (17) and (20) in other desired programming languages. Also, one can use the outputs from TBStudio for post-processing in other transport packages. There are many useful packages for fast calculation of various physical properties of tight-binding models such as Py-Binding [24] , Kite [25] , Kwant [26] , GPUQT [27] , TBTK [28] , PythTB [29] and WannierTools [30] .
After determining the Hamiltonian and the overlap matrix, one can easily calculate the eigenstates and the Bloch functions as well using Eqs. (2) and (3). The i th Wannier function (WF) for the cell (l, m, n) is the Fourier coefficient of ψ i,k (r) as follows
The WF calculated by this method is very close to the real chemical bonding and provides a reliable insight into the nature of the orbitals in the study of electronic properties of solids. It should be noted that, in this way we do not have the problem which we encounter in finding WFs using Maximally Localized Wannier Functions (MLWF) method [31] . Practically, MLWF algorithms change the shape of WF mathematically to find a perfect fitting to regenerate the band-structure obtained by first-principle methods, because a set of WFs which can generate the obtained band-structure is not unique and may physically not a good set of atomic-orbital-like WFs. In such algorithms that has been implemented in Wannier90 [32] and OpenMX [2] , to achieve a physically reliable set of WFs one needs to have a good initial guess and also follow the symmetry adapted methods, but it results in computational difficulties and convergence failure.
VII. SUMMARY
In summary, Tight-Binding Studio (TBStudio) is a user-friendly application in the field of quantum computing simulation. The significant parts and important abilities of the TBStudio were briefly mentioned. In short, using this software one can calculate the electron hopping between different orbitals of different atoms and generate an explicit Hamiltonian matrix to do post calculations using Green's function theory. TBStudio are the density functional theory and the Green's function theory in the tight-binding approximation. TBStudio is the first step of simulating electronic properties of solids and nanostructures (ie. dispersion, transmission, density of states, current, etc). Also, it is able to calculate thermodynamic properties by means of statistical mechanics approaches. 
